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ABSTRACT 
 
This paper presents summary results of a Round Robin Trial to examine the reproducibility and robustness of 
1H NMR relaxation analysis of water in cements. The results have elsewhere been used to evidence a good 
practice guide for the characterization of cement using 1H NMR relaxation analysis. A summary of the good 
practice is presented. 
  
 
 
1.   INTRODUCTION 
 
The past 10 years have seen enormous strides 
made in the 1H nuclear magnetic resonance (NMR) 
relaxation analysis of cement based materials 
using bench-top and portable equipment. The 
probe is the 1H in evaporable and chemically 
combined water in cement. Hence, the method is 
non-destructive and non-invasive. Critically, 
samples do not need to be dried. 1H NMR is able 
to follow cement hydration and measure C-S-H 
densification (Muller et al. 2013a), to measure 
pore-size resolved desorption isotherms (Muller et 
al. 2013b), and to reveal quantitative details of gel 
pore shrinkage and swelling upon drying and 
rewetting (Fischer et al. 2015a; Gajewicz et al. 
2016). Spatially resolved experiments have led to 
measurements of cement permeability as a 
function of degree of relative humidity (Zamani et. 
al. 2014) and have shown the limitations of some 
conventional tests for permeability assessment 
(Fischer et. al.2015b).  
 
There have also been developments that are 
seeing 1H NMR moving from the laboratory to in-
situ field application using one-sided magnets that 
probe the structure beneath them to a depth 
typically comparable to about half the radius of the 
device sensor, so a few centimetres (McDonald et 
al 2007).  
 
Over time, however, it has become increasingly 
clear that there is considerable apparent variation 
in results from laboratory to laboratory that has led 
to confusion and reluctance to take the technology 
forward. This variation is potentially the result of 
several factors: 
 
(i) Different instruments have different 
specifications such as NMR frequency and pulse 
sequence timing intervals. Not all instruments are 
able to detect water in all environments. 
(ii) Different groups in different laboratories 
have measured subtly different things: the 1H NMR 
T1 relaxation time vs T2 relaxation time for 
instance. Some have measured the signal from 
water chemically combined in hydrates as well as 
evaporable water whereas others have only 
measured the latter. With no clear nomenclature 
established, confusion has arisen. 
(iii) Different groups have used different 
analysis procedures (inverse Laplace transform vs 
one, two or three component exponential fitting for 
instance vs constrained fitting) and presented data 
in very different ways.  
(iv) Since water is the probe, the amount of 
water in the sample is all important. For instance, 
capillary uptake during underwater curing in 
response to chemical shrinkage may not be 
spatially uniform and so sample size becomes an 
issue.  
 
In order to try and address many of these issues 
and more widely to explore the robustness of the 
method, we have carried out a Round Robin Trial. 
 
2. Methods 
 
An open meeting was held in late 2014 where 
participants were invited to join a Round Robin 
Trial of 1H nuclear magnetic resonance (NMR) 
relaxation analysis of cement based materials. As 
an outcome of that meeting, 8 laboratories hosting 
12 instruments went forward with a trial that was 
conducted in 2015. The participants spanned 
academic groups with interest in cement science 
and NMR, instrumentation manufacturers and 
cement and cement products manufacturers in 
roughly equal measure. The participants came 
from the UK, France, Germany, Italy and 
Switzerland. 
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Instruments ranging in 1H NMR frequency from 2.5 
to 23.5 MHz were used. Sensor, and hence 
sample, sizes ranged from 10 to 50 mm and 
sample temperature ranged from 22 to 40°C 
(magnets are usually operated a few degrees 
above room temperature). Excitation pulse lengths 
ranged from 2.3 to 12 μs and dead times from 8 to 
80 μs. 
 
Two standard NMR experiments were tested: solid 
echo and Carr-Purcell-Meiboom-Gill (CPMG). At 
each site, measurements were carried out using a 
protocol as close to that described in Muller et al. 
2013a as possible. Solid echo is designed to 
reveal the fraction of water in the sample that is 
chemically combined into crystalline solids. Solid 
echo requires very short excitation pulses and 
instrument dead times to be effective. The 
remainder of the water is considered evaporable. 
CPMG splits the evaporable water signal into 
further fractions dependent on pore size, so 
hydrate inter-layer water, gel pore water, inter-
hydrate water and capillary pore water for instance. 
However, to do this well without making a-priori 
assumptions in the analysis requires very good 
signal to noise ratio and data free from some 
common artefacts. This is usually associated with 
small probe / sample size and high frequency. 
 
Different data analysis protocols were tested. The 
key two were inverse Laplace transformation and 
constrained multi-exponential fitting of the CPMG 
data. 
 
Three cements were used: white Portland cement 
(Cem I 52.5 N); grey Portland cement (Cem I 42.5 
N); and slag cement (Cem III/B 32.5 N-LH/SR). In 
general, the more iron a sample contains, the more 
difficult is the NMR experiment. The cements were 
mixed at two water to cement ratios by mass (0.4 
and 0.46) and for the most part were cured 
underwater for 30 ± 2 days. Samples were cured in 
NMR tubes to fit the instrument sensors. 
 
Mortars and concretes were also prepared and 
measured at a small number of sites. However, the 
requirement for a sensor sufficiently large to 
average over the aggregate meant that meaningful 
results could not be obtained from more than 2 or 3 
instruments. These results are not discussed 
further here.  
 
Reference materials were also measured. These 
tests were previously reported (Gajewicz et al. 
2015). 
 
3. Results 
Here we consider the results for just the grey 
Portland cement samples mixed at water to 
cement ratio w/c = 0.40 and cured underwater for 
nominally 28 days (50 days for instruments 1 and 
2) and make some overview comments with regard 
to the rest. 
 
Water in nano-crystalline phases. Figure 1 
shows the molar fraction of water in nano-
crystalline phases such as calcium hydroxide and 
ettringite as measured using different instruments. 
The fractions are determined from NMR solid echo 
measurements (left bars) across all the 
instruments available that could do this 
measurement. The mean and standard deviation is 
22.8 ± 5.4%. The large standard deviation 
evidences that there is variation in the measured 
fraction across the instruments. The wide 
distribution is partly attributable to differences in 
instrumentation.  In particular, instruments 4 and 5 
have dead times after excitation before a signal 
can be measured of 20 μs. This is rather too long 
since the solid signal decays in a few 
microseconds. All the remaining instruments used 
for the test offered 15 μs or less. This shows the 
importance of this parameter.  The raw data was 
partly corrected for instrumentation differences 
using reference materials. The corrected data is 
shown by the second set of bars in the figure. The 
average across the data sets excluding 
instruments 4 and 5 is 24.3 ± 1.6%. The 
percentage calculated from X-ray diffraction data 
recorded from one further sample is 25.4%. It 
should be noted that the XRD analysis is also 
subject to uncertainty. However, the extent of that 
uncertainty has not been quantified here.  
 
 
Figure 1. Left bars: the fractional intensity of the chemically 
combined water for grey Portland cement paste mixed at 
w/c = 0.40 as measured using solid echo on different 
instruments. No data indicates that measurements could 
not be made. Right bars: the fractional intensity corrected 
for instrumentation variations on the basis of the reference 
material results. Far right is the equivalent result calculated 
from X-ray diffraction data of a single sample. 
 
Evaporable water in pores. The distribution of T2 
relaxation time components of evaporable 1H was 
determined from inverse Laplace transformation of 
NMR CPMG decays. The decays were recorded 
using log-spaced CPMG experiments except for 
instruments 10 and 11 for which only linear spacing 
was available. In general, three components are 
identified. The first component has a typical T2 of 
about 100 μs (hydrate inter-layer water), the 
second of 300 - 500 μs (gel pore water) and the 
third of 1 - 2 ms (inter-hydrate water). Their relative 
intensities are shown in Figure 2. A small fourth 
component is included that sums over all peaks 
with T2 higher than 5 ms (capillary pore water). 
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Note that self-desiccation ensures that this peak is 
small. Capillary pores are devoid of water. 
Chemically combined water as discussed in the 
preceding paragraphs is excluded, so the 
components add to 100% in all cases. The same 
data is presented in Figure 3, but this time 
resultant from constrained exponential fitting. 
 
 
 
Figure 2. The intensity (integrated area) of the three main 
peaks in the T2 distribution of the evaporable water of 
cement paste and the sum of all the remaining peaks 
presented as 4th component determined by inverse 
Laplace transformation of the CPMG data. The 1st peak of 
each quartet corresponds to hydrate inter-layer water, the 
2nd gel pore water; 3rd inter-hydrate water and the 4th 
capillary pore water.  
 
 
 
Figure 3. Same as figure 2, save that the results derive from 
constrained exponential fitting analysis. 
 
There are both instrumentation and sample 
differences that can explain much of the apparent 
variation between instruments. The critical 
measurement issues are: 
 
(i)  Laplace inversion artefacts. Data for 
Laplace inversion must have excellent signal to 
noise. Also, systematic error due to non-uniformity 
of excitation across the sample in, especially, the 
first CPMG echo intensity, i.e. first data point error, 
can cause artefact peaks to be observed. 
(ii) First pulse gap too short can result in 
some solid being captured whereas first pulse gap 
too long can result in the inter-layer signal being 
lost. 
(iii) Sample size as previously discussed. 
(iv) Sample temperature. Some instruments 
operate as high as 40°C, in which case evaporable 
water is evaporating. 
 
Constrained multi-exponential fitting considerably 
reduces the variation of results across instruments, 
Figure 3. The constraint used here is to fix the T2  
times to the average from inverse Laplace 
transformation for 5 comparable instruments (see 
below) allowing only the amplitudes to float. 
However, fixing the the ratio of the relaxation times 
so that only the shortest time and the different 
amplitudes are allowed to float is also practical and 
often works well. The justification for these different 
schemes is described within the references. 
 
In order to make a sensible like-for-like 
comparison, just five instruments from the Round 
Robin are chosen: numbers 3, 4, 12 that have 10 
mm probes and 1 and 7 that have 18 mm probes. 
These instruments all operate at or near a 
frequency of 20 MHz and offered a good signal to 
noise ratio. There is good agreement across the 
three 10 mm probe instruments taken alone and 
still quite good agreement when the 18 mm probes 
are additionally included. Since grey CEM I is 
widely used, it is worth considering the variability of 
the measurements. For these five instruments, the 
first peak intensity determined by inverse Laplace 
transformation has a mean and standard deviation 
of 62.7 ± 4.3%; the second peak 30.4 ± 5.0% and 
the third 4.5 ± 1.4%. To compare, these fractions 
based on constrained exponential fitting are: 62.4 ± 
3.7, 29.7 ± 2.3 and 6.8 ± 1.3%, in excellent 
agreement with the inverse Laplace transformation 
analysis. 
 
Measurement reproducibility. Some of the 
differences are as likely to be due to measurement 
repeatability on any one instrument and sample as 
they are to subtle differences in the hydration of 
the cements or to differences between instruments. 
Repeat CPMG measurements were made using 
instruments 1, 3, 4, 7 and 12 but half as many 
(512) scans. In each case the two sets of data 
were compared. In general the variation between 
measurements on the same instrument is 
comparable to the scatter between instruments 
save for instrument 12. A 10% discrepancy was 
found for component 1 with this instrument. 
However, this is unusually poor for instrument 12 
for unknown reason(s). 
 
Differences between white, grey and slag 
cement. Resultant from the Round Robin it was 
found that the fraction of water in hydrate inter-
layer pores is less than that in gel pores in white 
cement whereas it is greater in grey cement. This 
is being explored further.  In low C3A white cement, 
the chemically combined water in nanocrystalline 
phases and water in the smallest C-S-H inter-layer 
pores are well resolved. In cement with more 
typical C3A content, an extra peak due to e.g. 
zeolitic water in ettringite and/or water in C-A-S-H 
inter-layer spaces, may appear and potentially 
complicate the picture. Pore water T2 values are 
slightly shorter in grey cement compared to white 
cement, but not so much shorter as to make them 
overly difficult to measure. This was expected. The 
relaxation time of evaporable water in slag cement 
 4 
 
is sufficiently short to make it very difficult to 
separate the signal due to evaporable water in 
pores from the signal due to chemically combined 
water in nano-crystalline solid phases using the 
solid echo.  
 
 
4. A Good Practice Guide 
 
Resultant from these trials a NPL Good Practice 
Guide for 1H NMR characterisation of cement is in 
the final stages of preparation. A summary of that 
good practice is: 
• NMR frequency. A 1H frequency in the 
range 10 - 20 MHz is generally optimum: too high 
and susceptibility broadening is an issue; too low 
and the signal-to-noise ratio is too low. 
• Magnet homogeneity. A magnetic field 
homogeneity equivalent to a 1H T2* ~3 ms is 
required, even using CPMG, to properly separate 
all evaporable water components. 
• Samples. Small, centimetre size or less, 
cement paste samples should be used that are 
either cured underwater from the very earliest age 
or fully cured sealed. In the former case, if the 
sample is sufficiently small, it may be assumed that 
all pores are saturated. However, without using 
careful gravimetry, the total water content is 
unknown due to chemical shrinkage and sorption. 
If the latter case, then the total water content is 
known, but larger pores are expected to be empty 
of water due to chemical shrinkage. 
• 90° pulse length and dead time. The pulse 
length should be no more than a few microseconds 
else the pulse bandwidth will not fully excite the 
crystalline solids. The combination pulse length 
plus dead time should not exceed 15 μs, ideally 10 
- 12 μs, otherwise the top of the solid echo cannot 
be seen at twice the experiment pulse gap for short 
enough pulse gap. 
• Experiments. As a minimum, the 
spectrometer should be capable of running a solid 
echo and a CPMG experiment, preferably log-
spaced. Ideally, saturation recovery or inversion 
recovery is also required in order to ascertain the 
sample T1 and to set the solid echo and CPMG 
experiment repetition time. Single pulse FID is 
required to tune the spectrometer frequency and 
shim the magnet. 
• Solid echo. This should be run for a range 
of pulse gaps typically between 12 and 55 μs. The 
first pulse gap should not exceed 15 μs, the 
shorter the better. Sufficient data points should be 
captured, starting immediately after the second 
pulse dead time so as to capture as much of the 
solid echo peak as possible and the start of the 
evaporable water FID decay. 
• CPMG. The minimum echo time required 
is 60 μs. Rather less than this, and the first echo 
becomes confused with the tail of the response 
from water in the solids; rather more, and the inter-
layer hydrate water is missed. 
• Data analysis. Data should be phased. 
Solid echoes should be fit to a Gaussian centred 
on the echo time and an exponential decay with 
origin at the first excitation pulse. The Gaussian 
intensity should be back-extrapolated to zero pulse 
gap using a second Gaussian to find the proper 
chemically combined water signal intensity and the 
exponential intensity back-extrapolated to find the 
proper total evaporable water signal intensity. The 
evaporable water can be further divided into 
fractions according to an inverse Laplace transform 
or multi-exponential fit to the CPMG data. The T2 
of different components reflects the pore size 
associated with that water component. 
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